I. INTRODUCTION
Ionization processes of alkali halide vapors have been studied by photoelectron (PE) spectroscopy technique for the last four decades. 1, 2 The technique gives information about electronic structure and provides chemical characterization of alkali halide microclusters. 3 The valence PE spectra of alkali halides have been recorded earlier, with HeI, HeII discharge lamp excitation. [4] [5] [6] During the last decade the use of synchrotron radiation (SR) as an exciting source has become a standard technique in electron spectroscopy of alkali halide vapors. [7] [8] [9] Nowadays, computational methods have become an important approach to understand chemical bonds of molecular systems, as well as to help in interpretation of experimental PE spectra. Accurate calculation of PE spectra of alkali halides, containing heavy elements (Br and Rb) with significant spin-orbit splitting and electron correlation, is a challenging task. The relativistic methods are a natural way of treating such systems.
Tomasello et al. investigated the vertical valence ionization potentials of the (NaCl) 2 dimer by means of two allelectron ab initio self-consistent field-HF (SCF-HF) based Green's function (GF) methods. 10 More recently, Pernpointner et al. 11 carried out calculations of alkali iodide valence PE spectra in order to reproduce experimental valence ionization spectra. Fully relativistic calculations for the ionization spectra of hydrogen iodide (HI) and alkali iodides MI (M = Li, Na, K, Rb) were carried out using a one-particle propagator technique in a four-component framework. Pernpointner et al. 12 investigated by means of relativistic computations of ionization spectra of small (HI) 2 , (LiI) 2 clusters, and subsequent electronic decay of cations.
In this work, we investigated valence photoelectron spectra of alkali bromides. By using the third-order algebraic diagrammatic construction (ADC (3) 9 who performed calculations based on configuration interaction (CI) and multiconfigurational self-consistent field (MCSCF) methods for ionization energies.
For KBr, we found theoretical ionization energies to be in close agreement with experimental data 9 taken using synchrotron radiation source. ADC(3) calculations for LiBr, NaBr, and RbBr are expected to be similarly accurate and may support future experiments. To the best of our knowledge no experimental inner-valence ionization spectra of these molecules are available so far.
II. THEORY AND COMPUTATIONS
Green's function methods represent a very useful tool for calculation of the electron ionization potentials, electron affinities, excitation energies, and other properties. In the literature there are two major Green's function approaches to investigate the ionization process: an outer-valence Green's function (OVGF) approximation 13, 14 and second-or thirdorder algebraic diagrammatic construction. 15 The overview of Green's function methods can be found in Ref. 16 .
ADC is an approximation scheme which is the most practical and systematic for Green's function evaluation. The problem of finding the pole positions and pole strengths of a Green's function is formulated in terms of the solution of a matrix eigenvalue problem. Originally, the method was formulated by J. Schirmer. 15 A more detailed discussion of the ADC scheme can be found in Refs. 17 and 18.
Spectral intensities, which are measured in the photoelectron experiment are related to transition probability amplitudes. They are related to the one particle Green's function. In energy representation GF can be expressed in the form of spectral representation
where G corresponds to singly ionized system and can be written in the form
where the poles ω n ,
are the nth ionization energies of the system and x np are the transition probability amplitudes
The simplest form of the (relative) photoelectron spectral intensities P n can be evaluated as
All calculations have been performed using the fully relativistic one-particle propagator framework RELADC 19, 20 implemented in DIRAC10. 21 The calculations for molecules have been carried out in C 2v double-group symmetry. The spin-orbit coupling was discernible directly from the relativistic treatment.
The molecular bond lengths were taken from the experimental data, 2. for KBr, and 2.94 Å 24 for RbBr. For calculations of lithium, sodium, and potassium the 6-311++G(2d,2p) basis set [25] [26] [27] has been used from the DIRAC10 basis library. Bromine and rubidium have been studied using the valence quadruple-zeta dyall.av4z basis set being developed by Ken Dyall.
28 Four-component DiracCoulomb Hamiltonian was chosen for all ADC(3) calculations. Gaunt corrections were included for self-consistentfield ground-state calculation. Effects from small components integrals contribution are neglected.
III. RESULTS AND DISCUSSION

A. Photoelectron spectra of KBr
At first, we compare our calculated results with available experimental data for ionization energies of potassium bromide. The experimental photoelectron spectrum of KBr shown in Fig. 1 (a) was published by Caló et al. 9 The spectrum was recorded at photon energy of 61.5 eV at beamline I411 in MAX-laboratory, Lund, Sweden. The main structures seen at the ionization energies around 9, 19, 25, 41, and 11 eV were marked with capital letters A, B, C, D, and E, respectively. Our theoretical spectrum in Fig. 1(b) was obtained by convoluting the calculated pole strengths with Gaussian and Lorentzian profiles, 250 meV each. Atomic configurations were assigned to spectral structures, according to main contribution to molecular orbitals (MO).
Comparison between theoretical and experimental ionization energies is summarized in Table I . In the first column singly ionized states are presented according to the leading atomic contribution to the molecular orbital. CI and MCSCF calculations taken from Ref. 9 are shown in the second column.
There are three molecular-field-split The average deviation of ionization energy, obtained by CI method for the first three peaks of the outer-valence region up to 15 eV is around 1 eV in comparison to the experimental value, whereas ADC(3) method reproduced obtained energies within 0.1 eV. (3) calculations predicted that the splitting is approximately 0.14 eV (Fig. 1(b) ).
The double peak structure at 11.1 eV and 12.1 eV indicated as E in Fig. 1(a) has been identified as Br 3d photolines 9 arising from the small second order contribution of the monochromator (123 eV).
In the inner-valence region around 15-30 eV, there are two peaks B and C (see Fig. 1(a) ) which originate mainly from Br 4s and K 3p atomic orbitals, respectively. Ionization energies for B and C peaks predicted by CI and ADC(3) methods deviate from experiment in average by 2.3 eV and 0.3 eV, respectively. Configuration interaction method used by Caló et al. 9 fails in reproducing ionization energy for peaks originating from the K 3s atomic orbital (peak D in Fig. 1(a) ). Ionization energy for that peak deviates by 7.6 eV from the experimental value of 41.35 eV, whereas ADC(3) agrees within 0.6 eV.
In the inner-valence region 20-45 eV we see a dense structure of additional satellites lines. These lines predominantly occur due to coupling of two-hole-one-particle (2h1p) configurations with the initial main one-hole (1h) state. This phenomenon leads to the distribution of the intensity of the main line over several satellite lines. ADC method provides information about electron correlated states, where final cationic state is seen as linear combination of 1h, 2h1p, 3h2p...excited configurations. More discussions about satellites structures can be found in Refs. 9 and 11.
Intensity distribution across the binding energy region is based on occupation of orbitals (statistical weights) in present calculations as actual values of dipole matrix elements are omitted. However, as seen from a comparison between experiment and theory, if energies are well predicted, assignment of all structures becomes possible.
B. Photoelectron spectra of LiBr, NaBr, KBr, and RbBr ADC(3) calculated ionization spectra of the outer and inner-valence regions of the LiBr, NaBr, KBr, and RbBr molecules are shown in Figs. 2(a)-2(d) , respectively. Calculated and experimentally obtained energies for three outermost cationic states of different alkali bromides are compared with available experimental results 6 and collected in Table II . A similar analysis of the electronic structures of alkali iodide monomers was presented in Ref. 11 .
The outer-valence electronic structure of alkali bromides, as well as alkali iodides, has identical character and consists of three ligand-field split cationic states, originating from π and σ molecular orbitals with pronounced Br 4p character. Inner-valence region includes features which originate from 4s orbital of atomic Br and from p orbitals of alkali atom. Cross section studies by Price, Potts, and Streets 29 showed that molecular orbitals resulting largely from p atomic orbitals have larger HeI photon cross sections than those resulting predominantly from s atomic orbitals. Thus, one would expect π 3/2 , π 1/2 , and σ 1/2 bands with atomic p origin to be of the same intensity and shape and to be stronger than σ band of atomic s origin. So, we would expect to see similar intensity ratio for the valence peaks of LiBr, NaBr, RbBr than what was measured for KBr (see Fig. 1(a) ).
In the valence region 0-15 eV three cationic states with pole strength of 0.94 are clearly visible. The outermost two spin-orbit split 2 3/2 , 2 1/2 states originated mainly from Br atom, whereas 2 1/2 additionally has a small alkali metal contribution. The highest alkali metal contribution to 2 1/2 state, about 11%, was calculated for LiBr, whereas for other alkali halides the metal contribution is less than 2%. Moreover, 2% metal contribution to 2 1/2 state was calculated for LiBr. All the outer-valence states are in good agreement with the oneparticle picture of the ionization process.
As seen from In terms of partial ionic character, increased polarization of the halogen atom is related to increased covalent character of the metal-halogen bond. 5 Going from LiBr to RbBr the chemical bond becomes more ionic and less covalent.
While the outer-valence ionization spectra of LiBr, NaBr, KBr, and RbBr have been published before 5, 6, 9 the innervalence structures have not been discussed earlier in details. We will first take a look at the main inner-valence peak structures of LiBr, NaBr, and RbBr separately and later on we will follow the tendency of spectral features in general for LiBr to RbBr. Inner shell region of KBr was already discussed above and will only be included when discussing the evolution of the inner-valence features. ADC(3) calculations for LiBr predict that one would find a peak, which originates from Br 4s atomic orbital, around 20.8 eV (see Fig. 2(a) ). Br 4s −1 peak breaks down to two close lying lines due to many-body interaction. In addition, a dense set of satellite lines accompanies the main Br 4s −1 .
The atomic contributions to the Br 4s −1 peak, according to Mulliken population analysis are 95% of Br 4s and 3% of Li 1s orbitals.
The calculated spectrum of NaBr (see Fig. 2(b) ) shows two peaks lying at around 20.2 eV and 39.5 eV, which correspond to Br 4s and Na 2p atomic orbitals, respectively. Mulliken population analysis predicts contribution to the Br 4s −1 peak to be about 99% of Br 4s atomic orbital. The calculated spectrum of RbBr is presented in Fig. 2(d) . In the inner-valence region the main structures are seen around 19.6 eV, 21.3 eV, 22.1 eV, and 37.9 eV. They correspond to Br 4s, Rb 4p 3/2 , Rb 4p 1/2 , and Rb 4s orbitals, respectively.
Inspection of Fig. 2 shows, that in going from NaBr to RbBr, the np −1 peak (n = 2 for Na, 3 for K, and 4 for Rb) approaches the 4p −1 peak of Br. At the same time, the splitting inside the peaks increases heavily. The peak also overlaps more and more with the satellite peak structure accompanying the Br 4s −1 peak. Many-body effects clearly play a strong role in the inner-valence region due to near degeneracy of several molecular states.
It is a challenging task to correctly predict the spectral features in case of strong electron correlation. The density and ionization distribution strongly depend on the number of Lanczos iterations and choosing a basis set in ADC(3) calculations. Overall tendency is clear, as one can see, that quite isolated core-valence Na 2p −1 peak (see Fig. 2(b) ) breaks down to several lines. This effect cannot be described in terms of one electron picture. Even more pronounced breakdown of single particle picture happens for KBr and RbBr molecules. Next, we will compare calculated ADC(3) spin-orbit splittings of Na, K, and Rb np −1 (n = 2, 3, 4) levels in XBr (X = Na, K, Rb) molecules with pure atomic spin-orbit splittings. 30 An atomic configuration np 5 (n + 1)s gives rise to 4 states due to coupling of np hole with (n + 1)s valence electron. In order to estimate atomic spin-orbit splitting we averaged energies of the states corresponding to np 1/2 and np 3/2 holes. As one can see from Fig. 2 , calculated Na 2p −1 and K 3p −1 peaks do not have clear spin-orbit splittings and therefore the widths of the corresponding group of lines were taken as estimations. Instead, Rb 4p −1 peak has clearly visible spinorbit splitting. The results are summarized in Table IV .
As seen from Table IV , the spin-orbit splitting of Na 2p
and K 3p −1 peaks is directly comparable with atomic spinorbit splitting, while Rb 4p −1 spin-orbit splitting is most probably effected by contribution from Br 4s −1 satellites. Overall correct reproduction of the inner-valence spectral features requires an adequate treatment of relativity and electron correlation.
IV. CONCLUSIONS
We have studied the valence photoelectron spectra of alkali bromides XBr (X = Li, Na, K, Rb) within the framework of the propagator theory. The ADC(3) method is shown to be an effective tool in calculation of the inner-valence region for molecules where heavy elements are presented. The theoretically calculated valence ionization spectrum of potassium bromide is in good agreement with experiment. ADC(3) theoretical calculations of the valence ionization spectra of LiBr, NaBr, and RbBr molecules were presented in this work for the first time and should have predictive character for future experimental investigation.
Discrepancy between the theoretical and experimental relative intensity might exist due to the fact that ADC(3) method does not take into account dipole matrix elements between bound one-particle state and the continuum state.
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